hromatin structure is regulated, in part, by affecting the acetylation of lysine residues on the amino-terminal tails of nucleosomal histones. The acetylation state of histones is maintained by the opposing actions of histone acetyl transferase and histone deacetylase (HDAC) enzymes. There are 11 known isoforms in the classic HDAC family, denoted HDAC 1-11 (1). In addition to histones, HDAC enzymes are known to deacetylate other proteins, including ␣-tubulin (2), suggesting complex, multifunctional roles for HDACs in vivo.
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PCI-24781 (formerly CRA-024781) is a broad-spectrum phenyl hydroxamic acid HDAC inhibitor currently being evaluated in phase I clinical trials in patients with neoplastic disease (3) . The compound is a specific inhibitor of multiple HDAC isoforms that potently inhibits tumor growth in vivo with acceptable toxicity. PCI-24781, along with other HDAC inhibitors also in clinical development, represent a promising class of anticancer therapy agents (4, 5) . In addition to evidence of efficacy as a monotherapy, some HDAC inhibitors have been shown to inhibit tumor growth synergistically when administered together with ionizing radiation (IR) or with DNA-interacting cancer drugs in preclinical models (6) (7) (8) (9) (10) (11) (12) . It has been suggested that the mechanism of the synergy may involve the inhibition of DNA double-strand break (DSB) repair, because after cellular irradiation, HDAC inhibition enhances and prolongs the phosphorylation of histone H2AX, a well characterized marker of DNA DSBs (13) (14) (15) (16) (17) .
In mammalian cells, DSBs are repaired by one of two genetically distinct processes, known as nonhomologous end joining (NHEJ) or homologous recombination (HR) (18) . NHEJ is the simpler, but more error-prone mechanism, in which the DNA ends are recognized and bound by the Ku heterodimer, which recruits DNA-PK and other proteins to directly ligate the two DNA termini. By comparison, HR is a process of greater accuracy and complexity, requiring the presence of a sister chromatid to serve as a template for repair. HR begins with strand recognition and nucleolytic processing by the MRE11-RAD50-NBS1 (MRN) complex, followed by strand invasion, branch migration, and Holliday junction formation (18, 19) . Both strand invasion and branch migration are initiated by RAD51, a recA homolog that binds MRN-generated ssDNA, forming nucleoprotein filaments essential for recombinational repair. After exposure to IR, RAD51 rapidly forms a complex with BRCA2 and other proteins that stimulate RAD51-mediated strand exchange and the assembly of subnuclear foci characteristic of HR (20, 21) . Cells lacking functional RAD51 are unable to form foci and are significantly more sensitive to IR (22) . In addition to repair of IR-induced DNA damage, recent evidence suggests that RAD51 (and HR) is involved in the repair of DNA DSBs produced by cisplatin and other platinum agents (23, 24) and also in the repair of DSBs produced by stalled replication forks (25) , such as those produced by inhibitors of poly(ADP-ribose) polymerase (PARP) (26) (27) (28) .
In the present report, we provide evidence that HDAC enzymes are important for homologous recombinational repair of DNA DSBs and the proper assembly of RAD51 subnuclear foci. We show that HDAC inhibition results in a synergistic increase in apoptosis after treatment with inhibitors of PARP and a decrease in RAD51 expression in vitro and in vivo. As a result, PCI-24781 treatment results in a decrease in homology-directed repair of DSBs and an inhibition of colony-forming ability in combination with IR or in Ku mutant cells lacking functional NHEJ. Together, these results demonstrate that HDAC enzymes are critically important in enabling functional HR by controlling the expression of HR related genes and promoting the proper assembly of RAD51 subnuclear foci. These findings suggest a potential therapeutic utility of HDAC inhibitors in cancer patients with tumors that have overactive HR or in combination with chemotherapeutic agents that induce damage repaired by HR.
effect on apoptosis as assayed by Annexin V staining compared with either agent alone. The combination of 0.12 M PCI-24781 with 75 M PJ34 resulted in 43.4% apoptosis compared with 13.2 and 6.3% for each individual agent, respectively. Similarly, the combination of 0.2 M PCI-24781 with 112.5 M PJ34 resulted in 72.1% Annexin V-positive cells compared with 23.2 and 31.4% for each agent. The effects of the treatments were further determined by calculating the combination index (CI) by using the median effects method, as described by Chou and Talalay (29) . A CI of Ͻ1.0 was obtained indicating a synergistic interaction between these two agents.
Subnuclear Repair Foci Are Inhibited by PCI-24781. PARP inhibition leads to the accumulation of unrepaired single-strand breaks (26) . Because of stalled replication forks, DSBs arise at these sites that are repaired by HR (26) . As a consequence, cells from tumors lacking HR are known to be exquisitely sensitive to PARP inhibition (30, 31) , suggesting an indirect role for PARP enzymes in HR (32) . We hypothesized that the mechanism of the observed synergistic drug activity may involve an inhibition of HR by PCI-24781. To test this, our first approach was to determine the effect of PCI-24781 on the ability of HCT116 cells to form subnuclear repair foci in response to IR by using immunofluorescence with antibodies against RAD51, a key enzyme in HR (33) (34) (35) . RAD51-containing subnuclear foci were visible in HCT116 cells both 1 h ( Fig. 2A ) and 16 h (Fig. 2B ) after 10 Gy of radiation. Foci at 16 h were present in 98.0% of the cells examined and were larger and fewer (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) foci per cell) when compared with 1 h after irradiation (Ͼ100 foci per cell), as has been reported in ref. 33 , and foci were visualized in 96.1% of the cells. To determine the effect of HDAC inhibition on foci formation, we pretreated cells with 0.2 M PCI-24781, a concentration at which synergy has been observed previously ( Fig.  1) and by itself does not cause significant apoptosis over 24 h of treatment (Table 1) , as corroborated by normal cell morphology and DAPI staining for intact nuclei under this condition (Fig. 2) . After a 24-h pretreatment of cells with 0.2 M PCI-24781, 100% inhibition of RAD51 foci formation was noted in 93.4 and 96.8% of the cells at 1 and 16 h after radiation, respectively. To quantitate the RAD51 foci for each treatment, five fields were counted, totaling a minimum of 100 cells. Thus, PCI-24781 treatment resulted in loss of the ability of the cell to form proper subnuclear repair foci after irradiation.
HDAC Enzymes Regulate the Expression of Homologous Recombina-
tional Repair Genes. We next examined whether exposure to PCI-24781 affects the expression level of genes involved in HR. Total RNA from HCT116 cells treated with 0.2 M PCI-24781 was isolated at 4, 6, 16, and 24 h, and gene expression changes were quantified by TaqMan analysis for the HR-related genes BRCA1, BRCA2, and RAD51, and the non-HR-associated gene GADD45␥ was used as a transcriptional control. As seen in Fig. 3 , transcript levels of all three HR-associated genes were down-regulated, with RAD51 and BRCA2 levels reduced to 20% of normal by 24 h. However, GADD45␥ transcripts showed an increase over control at 24 h, similar to what has been reported in refs. 36 and 37.
RAD51 is a centrally important factor in HR, because mutant cells lacking RAD51 lack all functional HR (34, 35) . To determine whether transcriptional down-regulation of RAD51 affected protein levels similarly, RAD51 protein levels were measured in HCT116 cells at 6 and 24 h after treatment with 0.2, 0.5, or 1.0 M PCI-24781. As shown in Fig. 4A , RAD51 protein levels decreased significantly by 24 h, whereas only a slight decrease was observed at 6 h. Quantitation of band intensity normalized to actin indicated that RAD51 levels were reduced to 47 and 35% of control with 0.2 and 1.0 M PCI-24781, respectively, at 24 h. The concentrations of 0.2, 0.5, and 1.0 M also led to HDAC inhibition in these cells, as shown by the accumulation of acetylated tubulin and acetylated histones. Because PCI-24781 is known to activate caspases and induce apoptosis in HCT116 cells, and RAD51 is a known substrate of caspase 3 (38), we wished to assess the contribution of cleavage by caspases on levels of RAD51. PARP cleavage was observed after 24 h of treatment with 0.5 and 1.0 M PCI-24781, indicating the presence of some degree of apoptosis under these conditions (Fig.  4B) . Preincubation with the pan-caspase inhibitor quinolinevaline-aspartic-CH 2 -O-phenyl (Q-VD-OPh) before exposure to PCI-24781 inhibited the PARP cleavage but showed the same decrease in RAD51 levels, indicating that caspase cleavage does not contribute to the observed decrease in RAD51 levels.
To determine whether the reduction in RAD51 occurs in vivo, mice bearing HCT116 tumor xenografts were treated orally with 200 mg/kg doses of PCI-24781, and RAD51 levels were examined in the tumors at necropsy. Data from previous pharmacokinetic studies were used to choose the 200 mg/kg dose, which was projected assuming dose-exposure linearity to achieve a peak plasma concentration of 1.4 M and to sustain plasma levels Ͼ0.2 M for 240 min after each dose. Mice were treated once over a 4-h period (1ϫ), twice over a 22-h period (2ϫ), or three times over a 28-h period (3ϫ). Similar to the in vitro results, RAD51 protein levels were reduced in tumors from treated mice, and a 69% decrease was observed when the total time of exposure to drug was Ͼ24 h (Fig. 4C) .
Homologous Recombinational Repair Is Inhibited by PCI-24781. To determine whether PCI-24781 directly inhibits the process of homologous recombinational repair in cells, we used an intrachromosomally based GFP reporter assay system in DRAA8/CHO cells that has been described in ref. 39 . In brief, a single DSB is introduced into an integrated GFP gene by using SceI endonuclease, and repair of the break by endogenous HR results in functional GFP expression, as measured by flow cytometry. Compared with HCT116, DRAA8/CHO cells are less sensitive to PCI-24781, requiring a 2.0 M dose of the drug to achieve a measurable decrease in RAD51 (Western blot in Fig. 5) ; therefore, 2.0 M PCI-24781 is used in this experiment. Transfection of DRAA8/ CHO cells with the I-SceI-expressing plasmid resulted in a 0.72% recombination frequency (Fig. 5) . Addition of 2.0 M PCI-24781 6 h after transfection reduced the recombination frequency to 0.27%, and 3.0 M PCI-24781 reduced the recombination frequency even further to 0.16%. These results indicate that HR activity is inhibited as a consequence of HDAC inhibition and is sufficient to explain the observed synergy with PJ34.
HDAC Inhibition by PCI-24781 Enhances Radiosensitivity of Tumor Cell
Lines. Inactivation of RAD51 renders cells highly sensitive to IR (40) . To investigate the effects of PCI-24781 on radiosensitivity, the HCT116 colon tumor cell line was treated with PCI-24781, for 2, 6, 16, or 24 h before cellular irradiation, and surviving cells were quantified by their ability to form colonies. HDAC inhibition by PCI-24781 led to a decrease in the number of cells able to form colonies after irradiation compared with irradiation alone (Fig. 6) , with the most prominent effects observed after 16 or 24 h of treatment compared with 2 or 6 h of treatment, consistent with the kinetics of RAD51 down-regulation and inhibition of subnuclear repair foci. Similar effects were observed with the NCI-H460 lung and A549 lung tumor cell lines, suggesting that radiation sensitivity is not limited to HCT116 cells. RAD51, acetylated tubulin, and actin levels after extraction of tumor from HCT116 mouse xenografts with different dosing regimens are shown. 1X animals received a single oral dose 4 h before the end of the study; 2X animals received one oral dose 28 h before the end of the study and received a second dose 6 h later; 3X animals were dosed as in the 2X but also received a third dose the following morning, 24 h after the first dose was administered and 4 h before the end of the study. Fold changes in protein levels were quantitated by using Odyssey software and were normalized to the levels of the actin loading control.
sensitive to PCI-24781. To test this, we used a previously described Ku86 mutant derivative of CHO cells that lack functional NHEJ (41). Disruption of HR by the HDAC inhibitor resulted in a 5.3-fold reduction in colony formation in the absence of functional Ku compared with WT CHO-K1 (Fig. 7 ) at 2.0 M, a dose previously shown to decrease RAD51 expression and affect HR in CHO cells (Fig. 5) . The increased sensitivity of the NHEJ mutant line is consistent with the hypothesis that inhibition of HR by PCI-24781 results in a severely repressed ability to repair DNA DSBs, leading to cell death.
Discussion
The present work provides evidence that HDACs are important for the process of HR by regulating the expression of RAD51 and assisting the proper formation of repair complexes. The specific HDAC inhibitor PCI-24781, by virtue of its ability to block HR, enhanced apoptosis in combination with a PARP inhibitor and inhibited colony formation in combination with ␥ irradiation, two agents that induce lesions repaired by HR. HDAC inhibitors as a class have shown efficacy as single agents, but much of their value as therapeutic agents may be in combination with other drugs, including conventional chemotherapeutic agents and kinase and proteasome inhibitors (4) . In an attempt to understand the role of HDAC inhibition in combination chemotherapy, we first evaluated the efficacy of PCI-24781 in combination studies with other DNA-damaging agents, and this led to the identification of a synergy between PCI-24781 and PARP inhibitors. PARP inhibitors have received much attention after the recent findings of Farmer et al. (31) that BRCA1 or BRCA2 dysfunction results in hypersensitivity to the inhibition of PARP enzyme function. Inhibition of PARP generates single-strand breaks that are subsequently encountered by the replication fork, which gives rise to DSB substrates for homologous recombinational repair (26) . Sensitivity to PARP inhibitors is not limited to BRCA1 or BRCA2 defects but to defective homologous recombinational repair in general (42) . The observation of synergistic apoptosis in cell lines treated with PCI-24781 in combination with PARP inhibitors, therefore, stimulated our interest because it suggested (i) utility for clinical trials by using HDAC inhibitors in combination with PARP inhibitors and (ii) that HDACs may be necessary for repair of DSBs generated by PARP inhibition. This prompted us to evaluate whether regulation of homologous recombinational repair activity is altered after exposure to PCI-24781. Increasing doses of PCI-24781 led to a progressive decrease in HR activity, as assayed by using an intrachromosomal GFP reporter HR assay system (39) (Fig. 5) . Direct inhibition of HR has never been described previously for an HDAC inhibitor, and it provides a reasonable explanation for the observation of synergy with a PARP inhibitor or DNA-damaging agents.
We have shown that PCI-24781 is able to inhibit the formation of subnuclear repair foci visualized by using RAD51 antibodies in HCT116 cells (Fig. 2) . Such foci are thought to represent ''repairosomes'', where active repair has been initiated (33) . Pretreatment with PCI-24781 inhibited the formation of RAD51-containing nuclear foci in Ͼ90% of treated cells. Overall nuclear staining was diminished when compared with control, although in many cases, some RAD51 appeared to be associated with the nuclear membrane in treated cells, but the significance of this was not clear. The marked decrease in subnuclear repair foci can be partly explained by decreased RAD51 protein levels (Fig. 4A) , although this alone fails to explain a complete loss of RAD51 foci in Ͼ90% of cells because RAD51 levels, as measured by Western blotting decrease only to 30-40% of control levels. Indeed, some RAD51 staining was still present in treated cells even though foci were disrupted. It should be noted that the formation of subnuclear repair complexes is also dependent on functional BRCA2 (43) and probably other components of the HR repairosome as well. TaqMan analysis demonstrated a significant transcriptional down-regulation of at least three HR-specific genes, RAD51, BRCA1, and BRCA2 (Fig.  3) . PCI-24781-mediated down-regulation of BRCA1 and BRCA2 transcript levels may further affect the proper assembly of the repair complex and, along with effects on RAD51, could account for the dramatic loss of repair foci. Decreases in tumor RAD51 were also observed in vivo after one, two, or three consecutive oral doses delivered to HCT116 colon-tumor-bearing mice, with a maximal effect observed after three consecutive doses over a 28-h period. This is consistent with the kinetics of RAD51 protein downregulation observed in vitro, where a significant decrease in RAD51 protein required a 24-h pretreatment rather than a 6-h pretreatment (Fig. 4A) . The 200 mg/kg dose was chosen based on previous efficacy studies and pharmacokinetic data in mice (data not shown). In a previous experiment, an oral dose of 200 mg/kg did not cause toxicity as measured by body weight loss when dosed for 3 consecutive days. The dose of 200 mg/kg in mice was also chosen because it is similar to the plasma area under the concentrationtime curve expected in an ongoing clinical trial after an oral dose of 2.0 mg/kg.
Specific inhibition of HR leads to the prediction that cells lacking functional NHEJ will be more sensitive to the effect of inhibiting HR by PCI-24781 compared with WT cells. For example, cells from mice lacking both RAD54 and Ku70 have compromised survival and indications of a large increase in spontaneous DNA damage (44, 45) . As predicted from this, CHO cells lacking Ku86 and functional NHEJ were observed to be significantly more sensitive to HR inhibition by PCI-24781 compared with the matched parental control cell line (Fig. 7) .
Levels of RAD51 are elevated in various tumor cell lines and primary tumors (46) and are associated with increased HRmediated DSB repair, resistance to drug and radiation therapy, tumorigenesis, tumor recurrence (22) , and poor prognosis (22, (47) (48) (49) . In addition, the function of several established tumor suppressor genes has been linked to elevated RAD51 levels, indicating that increased RAD51 activity offers an all-around advantage to cells from tumors (22, 46) . The observation that PCI-24781 significantly lowers RAD51 levels and inhibits RAD51 function and homologous recombinational repair activity suggests that RAD51 protein levels may represent a convenient clinical biomarker of PCI-24781 in predicting clinical efficacy both as single agent and in combination with radiation. Knowledge of the timing of RAD51 decrease in vitro and in vivo will enable the design of efficient clinical trials of HDAC inhibitors used in combination with other DNA-damaging chemotherapeutic agents. Apoptosis Assay by Annexin V Staining. To determine potential synergy between PCI-24781 and the PARP inhibitor PJ34 (EMD Biosciences) in HCT116 cells, cytotoxicity was evaluated by assaying Annexin V-FITC (Biosource) binding after 96 h treatment with specified doses of the agents alone or in combination. The doses were adjusted to keep the ratio between the two drugs constant for the two combination treatments. Apoptosis was quantitated by using a FACSCalibur instrument (Becton Dickinson). The CalcuSyn program (Biosoft) was used to generate a median effects plot based on the CI calculated as described in ref. 29 . A CI of Ͼ1 indicates antagonism, a CI of 1 indicates additivity, and a CI of Ͻ1 indicates synergy. To determine the percentage of apoptosis at 24 h in HCT116 cells, cells were treated with 0.2, 0.5, and 1.0 M PCI-24781, and Annexin V binding was evaluated 24 h later.
Materials and Methods
Immunofluorescence. HCT116 cells were grown on chamber slides and treated with 0.2 M PCI-24781 for 24 h. Cells were then exposed to 10 Gy irradiation and incubated for 1 or 16 h after irradiation. Cells were then fixed and permeabilized in buffer containing 2% paraformaldehyde, 0.2% Triton X-100 in PBS. Cells were blocked in 2% BSA in PBS and probed with anti-RAD51 polyclonal antibody, followed by AlexaFluor594-conjugated secondary antibody. After staining, coverslips were mounted by using the Vecta shield mounting medium with DAPI (Vectalabs) and visualized by using fluorescence microscopy.
TaqMan Gene Expression Assays. HCT116 cells were treated with PCI-24781 for various times, and total RNA was extracted by using the RNeasy kit (Qiagen). Total RNA was quantitated by using the Ribogreen RNA quantitation kit (Molecular Probes). One-step RT-PCR assays were set up in triplicate according to the instructions of the manufacturer by using the TaqMan master mix (Applied Biosystems, Inc.) and 50 ng of total RNA as template. The amount of RNA in each reaction well was requantitated and used for normalizations. Gene expression assay probe sets for BRCA1, BRCA2, RAD51, and GADD45␥ were purchased from Applied Biosystems, and assays were performed on an ABI PRISM 7300 instrument according to standard protocols.
Western Blot Analysis. Cells were treated with PCI-24781 for the designated times and lysed, and total protein was quantitated by using the BCA protein assay kit (Pierce) . An equivalent amount of protein was loaded in each lane. The pan-caspase inhibitor Q-VDOPh, which is used for blocking caspase cleavage, was purchased from MP Biomedicals. Total protein (30 g) for each treatment was resolved on 4-15% gradient SDS/PAGE gels (Bio-Rad). Proteins were transferred to PVDF membrane and probed with the appro-
